Objectives: We sought to examine whether a posterior distribution of white matter hyperintensities (WMH) is an independent predictor of pathologically confirmed cerebral amyloid angiopathy (CAA) and whether it is associated with MRI markers of CAA, in patients without lobar intracerebral hemorrhage.
Although large lobar intracerebral hemorrhage (ICH) is a classic manifestation of cerebral amyloid angiopathy (CAA) 1, 2 and can often be used to identify patients with the disease, increasing evidence suggests that many patients with CAA may never have ICH. These individuals may be asymptomatic, 3, 4 have cognitive impairment, 5 or have transient neurologic symptoms. 6 MRI markers of cerebral small-vessel disease could be used to identify CAA in patients without ICH. For example, strictly lobar microbleeds (MBs) are highly suggestive of the disease. 4, 7, 8 Accumulating evidence also suggests that dilated perivascular spaces (DPVS) in the white matter (WM-DPVS) may also be associated with CAA. [9] [10] [11] Anteroposterior (AP) distribution of white matter hyperintensities (WMH) varies across different populations. Frontal predominance of WMH has been observed in normal elderly, 12 whereas occipital predominance of WMH has been observed in patients with CAA-related ICH. [13] [14] [15] However, a reliable quantitative method to assess AP distribution of WMH in patients with CAA who do not have ICH has not been established. Also, the precise relationship of WMH distribution with other neuroimaging markers of CAA has not been explored.
In this study, we developed a quantitative method to assess the AP distribution of WMH in patients without ICH. We aimed to determine whether a posterior distribution of WMH can be an independent predictor of pathologic evidence of CAA. In addition, we hypothesized that a posterior distribution of WMH would correlate with a strictly lobar pattern of MB, and with a high burden of WM-DPVS.
METHODS Primary research question. Can posterior WMH distribution be a predictor of pathologic evidence of CAA? This study provides Class III evidence that there is a significant association between the AP distribution of WMH on MRI with the presence of pathologically confirmed CAA: the mean AP center of WMH in CAA vs non-CAA subjects was 7.52 vs 16.86; odds ratio (OR) (95% confidence interval [CI]) 5 1.19 (1.07-1.32) (p 5 0.001).
Study population. This study consists of 2 parts: a retrospective cohort study of the association between WMH distribution and pathologic evidence of CAA, and a cross-sectional study of the association between WMH distribution and MRI markers of CAA.
AP distribution of WMH in relation to CAA pathology. Patients were derived from a cohort that is part of an ongoing study examining the diagnostic value of lobar hemorrhages for CAA and was drawn from patients seen at the Massachusetts General Hospital between 1998 and 2012 fulfilling the following criteria: age older than 55 years, existence of at least one brain MRI with hemosiderin-specific sequences, and existence of either brain biopsy or brain autopsy with CAA assessment. CAA was defined as the presence of any degree of vascular amyloid deposition (Vonsattel grade $1). 16 MRI study closest to date of pathologic study was examined. Only cases without history of ICH were included (n 5 72). Patients were excluded (n 5 13) if (1) clinical and/or neuroimaging data suggested the presence of WM abnormalities of nonischemic nature (inflammatory, tumoral, infectious), or (2) large structural abnormalities were present, preventing an accurate, bilateral assessment of WMH (e.g., large territorial ischemic infarcts). Clinical variables assessed were age, sex, and hypertension. Hypertension was considered when the patient had a history of high blood pressure (.140/90 mm Hg). The subgroup of patients without MBs (n 5 37) was also analyzed.
AP distribution of WMH and MRI markers of CAA. Patients were drawn from an ongoing longitudinal cohort of the Massachusetts Alzheimer's Disease Research Center between 2007 and 2010, previously described in detail. 17 Basically, it is a prospective cohort enrolling subjects since 2005 with intact cognition, mild cognitive impairment, and dementia. All enrolled subjects had signed a written informed consent. For this study, those who had cognitive impairment (Clinical Dementia Rating $0.5) and had a clinical evaluation performed within 1 year interval of brain MRI scan were included, as described previously. 10 A total of 290 patients were eligible for analysis. Patients who had MRI of insufficient quality (n 5 5), or a deep or mixed pattern of MB (n 5 26) were excluded, leaving 259 patients for analysis. Age, sex, hypertension, diabetes, hypercholesterolemia, ischemic heart disease, stroke, and current medications (anticoagulant, antiplatelet, and statin) were recorded. Hypertension was defined a history of high blood pressure (.140/90 mm Hg). Diabetes and hypercholesterolemia were defined as previous diagnosis of the diseases. Ischemic heart disease was defined as a history of angina or acute coronary syndrome. Stroke was considered if the patient had a history of ischemic stroke. No patients had hemorrhagic stroke.
To specifically examine the relationship between AP distribution of WMH and DPVS, degree of DPVS was rated on T1 magnetization-prepared rapid-acquisition gradient echo (MPRAGE) sequences, when available. Of 259 patients included in the analysis above, 89 patients had a T1 MPRAGE sequence. Four patients were excluded because of insufficient T1 MPRAGE quality, leaving 85 patients for analysis.
Standard protocol approvals, registrations, and patient consents. This study was performed with approval and in accordance with the guidelines of the institutional review boards of Massachusetts General Hospital.
Imaging acquisition. Subjects underwent either 3T or 1.5T MRI scans. Protocol of 3T MRI (Siemens Trio, Munich, Germany) included the following sequences: MPRAGE T1 (slice thickness 1 mm, interslice gap 0 mm, in-plane resolution MBs were assessed on susceptibility-weighted imaging or gradient-echo axial sequences as previously described. 18 MBs were defined as focal round or ovoid area of marked signal loss that was not a vascular flow void, mineralization, or cavernous malformation. MB topographic location was noted. Strictly lobar location was defined as MB presence exclusively in the cortico-subcortical regions of the cerebrum with or without additional MBs in the cerebellum.
DPVS were defined as round, ovoid, or linear structures with CSF-like signal, not larger than 2 mm in diameter, and located in perforating arteries territories. 19 DPVS were assessed on MPRAGE T1 sequences, with a confirmation of CSF-liked signal in T2 sequences, and were rated in degree from 1 to 4 in both basal ganglia areas (BG-DPVS) and WM areas (WM-DPVS) as previously described. 20 We then defined a composite variable containing 3 categories by comparing degree of DPVS in BG and WM areas: (1) higher degree in BG, (2) equal degree in BG and WM, and (3) higher degree in WM.
WMH volumes were measured, excluding infratentorial regions, on FLAIR sequences using a semiautomated segmentation method as previously described. 21 Logarithmic transformation was applied to achieve a more normal distribution of WMH volume.
MBs, DPVS, and WMH volume were rated by a trained neurologist (S.M.-R.) blinded to clinical data. MRIcroN (http://www. mricro.com) and Analyze software (http://www.analyzedirect.com) were used for these analyses. We have previously reported a high interrater agreement within our group for MB 7 and WMH, 21 and acceptable reliability for DPVS assessment. 10 The AP center of WMH was calculated in the following way. The center of WMH volume on the coronal plane (AP axis) was computed using MRIcroN software and compared with a reference point. To determine the reference point (figure 1), first, we identified 2 anatomical landmarks (points A and P). Point A was defined as the most anterior part on the wall of frontal horn of lateral ventricle. Point P was defined as the most posterior part of the dura mater covering the occipital cortex. Next, we measured distances (pixels) from the origin (O) to both points A and P in the coronal axis ( A and P). The reference point was defined as the midpoint between points A and P. Distance from the origin to the reference point ( The reference point O 5 origin of the coronal axis; P 5 point P; A 5 point A; P 5 distance on the coronal axis from the origin to point P (pixels);
A 5 distance on the coronal axis from the origin to point A (pixels); R 5 distance on the coronal axis from the origin to the reference point (pixels). 1-way analysis of variance were applied to dichotomous variables and normally distributed continuous variables, respectively. Mann-Whitney U test was applied to nonnormally distributed continuous variables. A logistic regression model was used to determine whether pattern of AP distribution of WMH was an independent predictor of pathologic evidence of CAA. Multivariate linear regression models were performed to analyze the relationship of AP center of WMH to presence of CAA at pathology, and to the presence of strictly lobar MB, DPVS categories. Variables considered to be pathophysiologically relevant to AP distribution of WMH were also entered into all regression models. We also assessed the AP distribution of WMH across WM-DPVS severity degrees (1-4) ( In the pathology cohort, more posterior distribution of WMH was found to be an independent predictor of CAA after controlling for age, sex, and WMH volume (p 5 0.001, OR [95% CI] 5 1.19 [1.07-1.32]). In the subgroup of patients without MBs (n 5 37), 26 patients (70.3%) had CAA at pathology. Mean AP center of WMH of CAA and non-CAA patients was 7.10 (SD 2.01) and 17.98 (SD 5.69), respectively. After controlling for age, sex, and WMH volume, more posterior distribution of WMH was also found to be an independent predictor of CAA in this subgroup (p 5 0.016, OR [95%CI] 5 1.18 [1.03-1.36]).
In the memory clinic cohort, we found that more posterior distribution of WMH was independently associated with strictly lobar MBs (b [95% CI] 5 4.63 [1.18-8 .08]; table 2). AP distribution of WMH was also significantly different across DPVS categories (b [95% CI] 5 25.61 [28.94 to 22.28]; figure 2, table 3) in that patients with predominant DPVS in the white matter over the BG had a more posterior WMH distribution. Female sex was independently associated with more anterior WMH distribution in both pathology and memory clinic cohorts. DISCUSSION The main finding from this study is that posterior WMH distribution is an independent predictor of pathologically confirmed CAA in subjects without lobar ICH, even in the absence of lobar MB. This could be explained by the location of CAA vascular pathology, which is more abundant in posterior regions of the brain. 22, 23 To support this observation, we provided a second line of evidence by finding that memory clinic subjects with suspected CAA neuroimaging markers, such as strictly lobar MBs and WM-DPVS, had a significantly more posterior distribution of WMH compared to those patients without. Thus, our results indirectly suggest that strictly lobar MBs and WM-DPVS are reliable Table 2 Comparison of clinical and MRI characteristics between patients with and without strictly lobar MBs neuroimaging markers of CAA in individuals with cognitive impairment.
In the context of patients with cognitive impairment, lobar MBs may be highly specific for CAA, because their topographic distribution in Alzheimer disease (AD) has been shown to follow the posterior pattern seen in probable CAA cases. 24 In addition, some degree of CAA frequently coexists with AD pathology. 25 Given these data, patients with lobar MBs from the memory clinic likely carry CAA. Whether these patients represent a different CAA phenotype, with clinical expression being limited to the cognitive sphere, is unknown; currently, there are no longitudinal data on MBs in relation to ICH in patients with AD.
Our results regarding DPVS are in keeping with previous literature linking BG-DPVS with hypertension, and WM-DPVS with CAA. [9] [10] [11] First, we observed a decreasing frequency of hypertension across DPVS categories, with the highest frequency occurring in patients with dominant BG-DPVS, and the lowest frequency occurring in patients with dominant WM-DPVS. Second, we found that the AP center of WMH becomes more posterior as the relative WM-DPVS burden increases.
This study demonstrates the differences in AP distribution of WMH in patients with and without CAA using a quantitative MRI technique, which may allow for less subjective measurement. Although our results are consistent with a previous study assessing AP distribution of WMH in patients with ICH by using a semiquantitative visual scale, 14 a prior study using voxel-based techniques 26 did not demonstrate significant differences in WMH distribution in patients with CAA compared to patients with AD and normal elderly subjects. However, it may be that this voxelbased analysis lacked sufficient power to detect small but consistent differences between subjects. The use of this quantitative method may help resolve these uncertainties in future studies of CAA.
Notably, AP distribution of WMH was found to be significantly different between sexes in both cohorts, whereby female patients tended to have a more anterior WMH distribution. This finding is consistent with a previous study demonstrating that frontal dominant WMH was more common in women. 14 Evidence from population-based studies has shown that normal elderly women have higher WMH burden than their male counterparts. 12, 27, 28 Because it appears that WM damage in normal elderly subjects tends to be frontal in predominance regardless of sex, 12, 29 this may explain why we found women to have a higher burden of frontal WMH. Alternatively, sex-based differences in WMH burden may be the result of premature death in men with high WMH burden. 28 Thus, further well-designed pathophysiologic and population-based studies are required to more definitely address this issue. Our study has limitations. It is possible that our calculation of the AP center of WMH was influenced by subject head position (flexion angle, rotation, and head tilt), thus biasing our results. However, we addressed this issue by examining the AP center of WMH in patients who underwent multiple MRI scans within the same year. We found that both WMH volume and distribution did not differ between scans. Second, an alternatively chosen reference point could give a less relative estimation of AP center of WMH. However, it is unlikely that these estimations would significantly change our results. It is possible that the slight variation of MRI protocols between subjects in our study may lead to bias in our results. To account for this potential bias, we thus controlled for MRI protocol in the multivariate analysis. In the pathologic cohort, several subjects appeared to have unusual distributions of WMH. Because this could potentially have accentuated the differences seen in AP distribution of WMH between CAA and non-CAA patients, we excluded these patients from our analyses. Although in the context of a memory clinic, lobar MBs seem to be highly indicative of CAA, there exist no specific pathologic studies assessing their diagnostic value for the disease. Therefore, we acknowledge that using lobar MBs as surrogate markers of CAA is a limitation of the study, and may pose some degree of uncertainty to our results. Finally, it should be emphasized that differences in WMH distribution may not be apparent on simple visual inspection. Given this, and the fact that technical expertise is required to quantitatively assess the AP distribution of WMH, clinical applicability of this technique may be limited.
Our study shows that posterior WMH distribution is an independent predictor of CAA even in the absence of strictly lobar MBs. This suggests that WMH distribution may be helpful in the diagnosis of CAA in individuals without hemorrhagic manifestations of the disease. The practical application of our findings would require, first, confirmation of our results in larger prospective studies, and second, a more simplified technique to determine AP distribution of WMH in a clinical setting. Finally, assessment of AP distribution of WMH may increase sensitivity of CAA diagnosis. 
